Potato virus X (PVX) is a filamentous plant virus infecting many members of the family Solanaceae. A modified form of PVX, PVX.GFP-CP which expressed a chimeric gene encoding a fusion between the 27-kDa Aequorea victoria green fluorescent protein and the amino terminus of the 25-kDa PVX coat protein, assembled into virions and moved both locally and systemically. The PVX.GFP-CP yrions were over twice the diameter of wild-type PVX virions.
Plant virus-based vectors have been exploited for several different purposes, most commonly viral genomes modified to express marker proteins have been used to investigate viral pathology (1) (2) (3) . Tagged viral genomes allow the localization of virus-infected cells and have been used to study the phenotypes of mutant viral genomes (4, 5) . Another potential use of virus-based vectors is for the production of valuable peptides and proteins in plants. The high levels to which many viruses and virus-encoded proteins accumulate, the avoidance of costly fermentation systems and the flexibility in the scale of production afforded by plants are possible advantages of virus-mediated protein production in plants (6) .
Attempts to exploit viral vectors for overproduction of foreign proteins in plants have relied either on free protein production or the production of fusions between the foreign protein and the viral coat protein (CP). The former approach, exemplified by work on tobacco mosaic virus (TMV), is based on the insertion of an additional open reading frame under the transcriptional control of a viral subgenomic RNA promoter (7, 8) . For rod-shaped viruses, such as potato virus X (PVX) and TMV, no apriori constraint on the size of the inserted gene is imposed by packaging. However, where the protein encoded by the inserted gene is required in a purified state, it must be extracted from infected tissue and isolated from other cellular materials. The second approach, using fusions to the viral CP, has been developed for both TMV (9, 10) and the icosahedral virus cowpea mosaic virus (11, 12) . An advantage of this approach is the relative ease with which modified viral particles can be isolated from infected tissues and the fact that the recombinant protein is stabilized by attachment to a macromolecular carrier.
The structures of TMV and cowpea mosaic virus have been determined to atomic resolution (13, 14) allowing the design of fusion proteins that carry modifications to either internal or terminal sequences of the CP that are predicted to lie at the surface of the assembled virion. TMV CP-fusion proteins carrying either a 7-amino acid extension to the carboxy terminus or a 12-amino acid insertion in a surface loop of the CP have been shown to assemble into virions (9, 15) . Other modifications to the carboxy terminus of the TMV CP however have proved to be assembly defective. This limitation has been overcome, for peptides of up to 21 amino acids, by exploiting the TMV 130-kDa protein read-through motif that determines the suppression of an amber termination codon in the TMV polymerase reading frame (16) . Insertion of a suppressible stop codon between the end of the CP open reading frame and a carboxyl-terminal extension allows the generation of a mixed pool of free and fused CP subunits that can assemble into virions comprising heterologous subunits (15, 17) . The limited size of peptides that can be fused to the CPs of TMV and cowpea mosaic virus, while retaining the ability to assemble into virions, has restricted these systems to expression of peptide immunogens (11, 15, 17) and a peptide hormone (10) .
The 27-kDa Aequorea victoria green fluorescent protein (GFP) (18) , expressed as a free protein, has been described previously as a reporter for PVX infections (5). Here we report on a genetically modified PVX expressing a fusion between the GFP and the 25- *To whom reprint requests should be addressed.
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tide and a downstream oligonucleotide complementary to the PVX 3'-untranslated region. The amplified product was digested with Aflll and XhoI and used to replace the corresponding sequence in pTXS.GFP-CP. The mutant 2A oligopeptide encoded by pTXS.GFP-CPmut2A was NFDLLK-
LGAAVESNPG, with the substituted residues indicated in boldface type.
In Vitro Transcription and Plant Inoculation. Plasmids were linearized with SpeI before in vitro transcription reactions. Transcripts were synthesized using bacteriophage T7 RNA polymerase as described previously (19) . In vitro transcripts were inoculated directly to young leaves of either Nicotiana benthamiana or Nicotiana tabacum cv Petite Havana by rubbing aluminium oxide dusted leaves. Two leaves were inoculated per plant, and each leafwas inoculated with the transcript products derived from 0.2 ,g plasmid template.
Detection of Fluorescence. Leaves were viewed under UV illumination (365 nm) generated from a Blak Ray B100-AP lamp (Ultraviolet Products, San Gabriel, CA) and photographed by using a Wratten 58 filter to eliminate chlorophyll autofluorescence. For confocal imaging, leaves were excised from the plant and sectioned transversely into 200-,um slices by using a vibrotome. The sections were immediately mounted in water and viewed under a Bio-Rad MRC 1000 confocal laser scanning microscope as described (5) . The conditions used for confocal microscopy, excitation at 488 nm using a kryptonargon laser and a 522 nm emission filter, allowed detection of GFP-mediated fluorescence with no significant autofluorescence.
Transgenic Plants Expressing the PVX Coat Protein. Transgenic tobacco lines expressing the PVX CP were prepared by leaf disc transformation of N. tabacum cv Petite Havana. PCR amplification of PVX CP cDNA from pTXS template was performed by using an upstream mutagenic oligonucleotide designed to insert an NcoI recognition site at the CP initiation codon and a downstream oligonucleotide 3' to the viral cDNA sequence. The amplified product was digested with NcoI and XbaI and used to replace the f3-glucuronidase coding sequence in the shuttle vector pSLJ4D4 (22) . The resultant plasmid, p4D4UK3, carried the PVX CP coding sequence and 3'-untranslated region positioned between the cauliflower mosaic virus 35S promoter and the octopine synthase 3' terminator. The promoter-CP-terminator cassette in p4D4UK3 was isolated by digestion with EcoRI and HindIII and cloned into the binary vector pSLJ4654A (22) to give p35UK3. Agrobacterium tumefaciens strain LBA4404 was transformed with p35UK3 by electroporation (23) . Transformation of tobacco leaf discs and regeneration of transgenic plants by cocultivation with A. tumefaciens and selection on media containing kanamycin was as described by Horsch et al. (24) . The transgenic plants used for viral inoculations were the F1 progeny of a CP expressing line; individual plants were checked for the presence of PVX CP by probing Western blots of plant protein extracts with antiserum to the PVX CP.
Preparation of Anti-GFP Antiserum. Recombinant GFP, prepared from yeast, was diluted to a concentration of 1 mg/ml in Tris*HCl (pH 8.0) and mixed with an equal volume of Freund's incomplete adjuvant. Intramuscular injection of a New Zealand White rabbit was performed at two weekly intervals by using 1 ml of immunogen. Serum was prepared from sample bleeds collected 4 and 5 weeks after the first immunization and used for immunoblot and immunogold analyses as described below.
Immunoblot Analysis. Protein extracts were prepared by grinding leaf tissue in two volumes (wt/vol) protein extraction buffer (25) to which an equal volume of 2x SDS load buffer was added, and the extracts were boiled for 2 min before samples were loaded on SDS/polyacrylamide gels. Proteins were electrophoresed, blotted to nitrocellulose, and probed with rabbit polyclonal antiserum, raised against either the PVX CP or the GFP, as described by Davies et al. (25) . Sample Preparation for Electron Microscopy. Leaf tissues were fixed and embedded in Araldite resin for immunogold labeling (26) . Ultrathin sections on nickel grids were labeled by using polyclonal rabbit antiserum to either the PVX CP or the GFP followed by goat anti-rabbit gold conjugate (GAR-15 nm; Amersham). For negative staining, virus particles were trapped from virus-infected sap extracts by immunosorbent electron microscopy (27) by using anti-PVX CP antiserum, and stained with 2% sodium phosphotungstate (pH 7).
RESULTS AND DISCUSSION
Two factors influenced the design of a PVX-based CP fusion vector that would assemble and move. First, although there is no crystallographic data available for PVX, structural (28) and serological (29) evidence suggest that the surface of the virion is formed from the amino terminus of the CP. Therefore a fusion was made between the carboxy terminus of the GFP and amino terminus of the PVX CP. Second, because the GFP and PVX CP are of similar sizes, having molecular weights of 26.9 kDa (18) and 25.1 kDa (30), respectively, it was expected that in a homogeneous population of fusion protein steric effects would prevent virion formation. Assembly of fusion protein into virions might be facilitated by the presence of a pool of free CP as has been demonstrated for carboxy-terminally modified forms of the TMV CP (10) .
To generate free and fused forms of the PVX CP, we developed a strategy based on the FMDV 2A peptide. The (Fig. 1A) the 2A sequence was fused between the last codon of the GFP gene and the fourth codon of the CP gene, which encodes the first proline in the PVX CP.
Processing of the FMDV polyprotein at the 2A/2B junction is highly efficient; however, processing of a synthetic ,3-glucuronidase-2A-chloramphenicol acetyltransferase polyprotein was incomplete resulting in the production of unprocessed polyprotein in addition to the processed products, ,B-glucuronidase-2A and chloramphenicol acetyltransferase (31) . Although the mechanism by which 2A-mediated processing occurs is not known the available evidence indicates that processing is entirely cotranslational as unprocessed polyprotein products do not undergo subsequent cleavage (31) . Hence translation of the gfp-2a-cp gene was expected to result in the accumulation of a GFP-2A-CP fusion protein, a GFP-2A fusion protein and PVX CP lacking the first 3 amino acids.
In vitro run-off transcripts, synthesized from pTXS.GFP-CP, were infectious when inoculated to plants; virus derived from transcript inoculation is subsequently indicated by substitution of the prefix PVX for the prefix pTXS in the name of the progenitor plasmid. Following inoculation of either N. benthamiana or N. tabacum, PVX.GFP-CP caused the development of green fluorescent lesions which were first detectable by eye under UV illumination between 2 and 3 days postinoculation. Subsequent long-distance movement of the virus to developing leaves led to the appearance of green fluorescence in systemically infected leaves (Fig. 2A) (Fig. 2B) . By contrast, in PVX.GFP-infected cells, the green fluorescence is associated with nuclei and shows a relatively uniform distribution throughout the cytoplasm (5) .
Western blotting of protein extracts from inoculated N. benthamiana leaves was carried out to demonstrate that the fusion protein was produced and processed. Probing with CP-specific antiserum showed that most of the immunoreac- (Fig. 1B) . A lower level of a smaller immunoreactive protein was also detected. This protein, which migrated slightly faster than wild-type PVX CP, represents the processed form of PVX CP that lacks the three amino-terminal amino acids. A similar pattern was observed on blots probed with GFP-specific antiserum (Fig. 1C) . The smaller protein reacting with the GFP antiserum in PVX.GFP-CP-infected tissue migrated more slowly than the wild-type GFP produced in PVX.GFP infected plants due to the presence of the 16-amino acid 2A peptide at the carboxy terminus of the GFP. A similar ratio of free protein to fusion protein was observed in all other samples analyzed, and reverse transcription-PCR analysis, using the same tissue samples used for protein analysis, showed no evidence of deleted forms of the viral genome (data not shown).
The distribution of fluorescence, observed under the confocal laser scanning microscope, suggested that the majority of GFP produced in PVX.GFP-CP-infected plants was still fused to the CP and that these fusion proteins were assembling into virions, which subsequently aggregated into the fibrillar structures observed in infected cells (Fig. 2B) ence is seen as a diffuse staining at the edges of PVX.GFP-CP virions (Fig. 3D ) which masks the discrete edges seen in the PVX.GFP particles (Fig. 3C) 17) . The data presented here suggest that the system described could be used for the production of proteins that are at least as large as the PVX CP. The high level of accumulation and ease of virion purification make PVX ideally suited for this purpose. The general utility of the approach described here, for assembly of fusion protein-containing virions, requires that proteins other than the GFP can be fused to the PVX CP and retain the ability to assemble into virions and move systemically. Fusions between the PVX CP and neomycin phosphotransferase II (31 kDa), chloramphenicol acetyltransferase (25.6 kDa), and 13-galactosidase (8.5 kDa) have all resulted in assembly and movement competent viruses (S.C. and S.S.C., unpublished data), indicating that assembly of PVX.GFP-CP virions does not reflect a unique attribute of the GFP-CP subunit.
In addition, the noninvasive detection of virus particles within individual living cells under the confocal microscope will be of practical benefit in studying the local and long distance movement of PVX.
